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INTRODUCTION 

Stress wave attenuation denotes the dissipation of the 

energy of a propagating wave in a med ium. Every material is dissi- 

pative in this respect and therefore, stress wave attenuation is 

a constitutive property of the material. The interpretat ion of 

stress wave attenuation as a nondestructive evaluat.ion (NDE) tech- 

nique in the sonic range is as old as the skill of striking a piece 

of glassware or a metal part and listening for the “characteristic 

ring of a good specimen”. The measurement of stress wave attenua- 

tion via ultrasonic NDE is a post-World War I I development. 

The primary focus of ultrasonic attenuation NDE techniques 

has been the detection of overt flaws. The concept that such 

techniques could be used to monitor general structural and material 

degradation and physical characteristics has received much less 

attent ion. In the 1950’s True11 and Hikata [l] found that attenua- 

tion in aluminum increased with the number of fatigue cycles. 

More recently, Vary et al. [2-T] h ave shown that ultrasonic atten- 

uation can be correlated with the mechanical and strength properties 

of metals, ceramics and fiber composites. In testing graphite fiber 

polyimide composites, Hayford et al. 181 observed good correlation 

between the initial attenuatlon and the shear strength as determined 

by the short beam shear test. Williams and Do1 1 [g] found that the 

initial attenuation can be an effective indicator of fatigue life 

of unidirectional graphite fiber composites subjected to transfiber 

compression-compression loadin?. 



Ultrasonic attenuation can be measured experimentally by 

either the pulse-echo technique or the through-transmission 

technique. In the pulse-echo technique, one or two transducers on 

the same face of the specimen are used to transmit the pulse and 

receive its echo from a flaw or the opposite face [8,10,ll]. 

Usually a short duration pulse having a broad-band frequency spec- 

trum is used. Thus, a spectral analysis is required to extract 

the frequency dependence of the attenuation 112,131. The through- 

transmission technique always requires the use of separate trans- 

miiting and receiving transducers placed on opposite surfaces of 

the structure 114-171. Narrow-band pulses can be used to c ircum- 

vent the spectral analysis requirement [17]. Through-transmission 

has the generally recognized disadvantage that when thin sections 

are tested, the superposition of the transmitted signal with echoes, 

and even echoes upon echoes, makes any interpretation of the output 

very difficult. 

The through-transmission technique is illustrated in Fig, 1 

where the transmitting transducer is driven by a narrow-band fre- 

quency wave-packet electrical pulse which has a center frequency w. 

Such a signal is shown in the top trace of Fig. 2. A stress wave 

corresponding to the excitation is introduced into the specimen. 

The stress wave propagates towards the other transducer and is 

received as the output signal. A typical output signal is shown 

in the bottom trace of Fig. 2. (The specimen was a unidirectional 

graphite fiber epoxy composite (Hercules AS/3501-6), 1.917 cm long 
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with a cross section of 1.080 cm x 1.080 cm, The frequency was 

1.2 MHz.) A longitudinal wave was propagated in the x2 direction 

which is perpendicular to the fiber and the laminate directions as 

shown in Fig. 3. A conventional method for determining the stress 

wave attenuation via the ultrasonic through-transmission technique 

involves comparing the output signals from two different lengths 

of otherwise identical specimens. The attenuation CL(W), which is 

generally frequency-dependent can be calculated as 

Al 
en - 

a(w) = 1> A2 

l2 -e, (1) 

where the Ai and the li are the output signal amp1 itudes and the 

lengths of the respective specimens, and en is the natural logarithm. 

If the time required for the input pulse to traverse the 

length of the specimen is much less than the pulse width, the out- 

put signal will contain overlapping echo reflections. Such an 

example is shown in the bottom trace in Fig. 4. (The specimen was 

the same as that tested in Fig. 2 except that the length was 0.401 cm 

and the frequency was 0.5 MHz.) The initial portion of the output 

signal is complicated by both the transient response of the receiver 

transducer and the superposition of echo reflections while the latter 

portion of the output signal contains several echo reflections. 

Thus, the output signal is difficult to interpret in terms of the 

material attenuation. It is, however, very interesting to note that 

the output signal settles to a steady-state oscillation. This 
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report describes the use of this easily measured steady-state 

output amplitude to determine the attenuation of the specimen. 
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STEADY-STATE OUTPUT AMPLITUDE ANALYSIS 

In the through-transmission technique illustrated in 

Fig. 1, a sinusoidal electrical signal of voltage amplitude vi 

is sent into the transmitting transducer which introduces a propa- 

gating stress wave o, (x,t) given by 

0, bbt) = viFl (w)e i (kx - wt) 
(2) 

into a nondissipative specimen. The time-varying character of the 

signal is represented by the complex notation where i - fi and only 

the real part of eqn. (3) should be considered. The coordinate x 

is positive when pointing away from the transmitting transducer and 

towards the receiving transducer (see Fig. 1), and t is time. ’ The 

proportionality constant F,(w) is a function of w and is formally 

the transduction ratio for the electromechanical gyrating system 

input electrical 

imen. F, b) 

i tt ing transducer 

[18] corresponding to the transformation of an 

voltage to a mechanical stress wave in the spec 

Includes both the characteristics of the transm 

and the stress wave transmissibility of the transducer-specimen 

interface. The parameter F, (w) has the dimensions of stress per 

unit voltage. The wave number k is defined by 

27T =- 
k x (3) 

where the wavelength X is given by 

x 
cp(d 

=- 
f (4) 
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and where Cp(w) is the phase velocity and f (f = & ) is the fre- 

quency in Hertz. For wave propagation in a dissipative medium, the 

stress wave attenuation may be expressed in terms of the attenuation 

parameter a(w), and so eqn. (2) should be replaced by 

a, (x, t) =vFe 
-axei(kx - wt) 

i 1 . (5) 

The primary stress wave is defined as the initially propagated 

stress wave between x = 0 and x = &. The primary stress wave at 

the end of the specimen x = .4? is given by 

0, (L t) =vFe 
i 1 

-alei (U - wt) 
. (6) 

The e 

spond 

lectrical output signal from the receiving transducer corre- 

ing to this primary wave is 

v, (t) = viF1F2e 
-cLeei(kL - wt - 0) 

where e(w) is a phase shift (0 < 8 < 27~), and the proportionality - 

constant F 
2 

(w) is the transduction ratio corresponding to the trans- 

formation of a stress wave in the specimen to an output electrical 

voltage and includes both the characteristics of the receiving 

transducer and the stress wave transmissibility of the transducer- 

specimen interface. The parameter F2(w) has the dimensions of 

voltage per unit stress, and thus the product F, (w)F2(w) is 

dimensionless. 

A portion of the stress wave in eqn. (6) reflects from the 

end of the specimen with a reflection coefficient R(w), (0 2 R 2 l), 
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and is given by 

a2(x,t) = viF,Re-a(21 - i)ei[k(PL - x) - wt - $11 (8) 

where $(w),(O 2 + < 2~), is a phase shift due to the boundary 

reflection. 

The analysis of this process can be continued indefinitely 

by using the following rules: (1) a stress wave reflected from an 

end of the specimen can be obtained from the incident stress wave 

by imposing a phase shift of $I and by multiplying the wave amp1 i- 

tude by the reflection coefficient R; and (2) an electrical output 

signal can be obtained from the stress wave arriving at the receiver 

end of the specimen by imposing a phase shift of 8 and by multi- 

plying the wave amplitude by the parameter F2. This process is 

illustrated in Fig. 5. 

The steady-state portion of the output signal of the 

receiving transducer v% ss consists of the transduced portion of 
, 

the primary stress wave and the transduced portions of all its 

reflections, and is given by 

v* 
0,ss 

= viF,F2e-dei (ka. - ut - 0) + viF1F2R2e-3dei(3ti - tit - W - 0) 

+ v F F, ,4,-%Lei(5k.e - wt - 4$ - 0) + 
i 1 2 . . . 

=vFF c R2je-(2j+ l)crLei[(2j + l)ke - wt - 2jQ.- 01 . (9) 
i 1 2 

j=O 



If the signal represented by eqn. (9) is phase-shifted by an amount 

(kt - a, the phase-shifted steady-state output v. ss becomes 
, 

V =vFF 
0,ss i 1 2 c R2je-(2j + l)dei[2j(k1 - 0) - wt]. (,o) 

j=O 

No generality is lost by using eqn. (10) instead of eqn. (9) because 

the exact phase information of the output signal is not used. By 

defining 

4” b> =a-(‘, 

eqn. (10) can be rewritten as 

Q) 

V =vFF 
0,ss i 1 2 c 

R2je-(2j + l)cLeei(2j@’ - wt) 
. 

j-0 

Considering only the real part of eqn. (12) gives 

00 
-at 

V =vFFe 
0,ss i 1 2 c 

R2je-2jal 
cos(2j@’ - wt) . 

(11) 

(12) 

(13) 

j=O 

Eqn. (13) can be manipulated to give 

00 
V = viFlF2e 

-al 
0,ss I 

cowt c 
e-j (2& - 2&R) cosLi(W')l 

j=O 

OD 
+ sinwt 

c 
e-j (2c& - 2&R) 

sin[j (2+‘)1 . 

Ii 

(14) 

j=O 
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The summations in eqn. (14) can be summed exactly to [19]“’ 

V 
0,ss 

= vIF,F2e 

1 sin(2Q’) 
T cosh(2c& - 2.&R) - cos(24~~,8/ 

which can be rewritten as 

viF,F2e 
-at 

V 
= P{cosh[2(c& - AkR)] e 2(& 

0,ss - cos (2@ ’ )f - enRLosbe 

- coswtcos(2$‘) + sinwtsin(2@‘) . 1 (15) 

Extrema of v. ss can be obtained by using 
, 

dv 
0,ss dt =o . 

* 
The useful equations are 

c e -“Ysin(n6)=1 sin6 
2 coshy - cos.6 ’ 

n=O 

OD 

1+2 
c 

e sinhy 
‘“& (id)= coshy - cos6 , 

n = 0 

(16) 

Y’O 

Y’O 

Note that because (2~& - 2&R) > 0, these relations are appropriate 
for the desired summat ions. 

9 



Substitution of eqn. (15) into eqn. (16) gives 

sinwt - = tanwt = sin(2Q’) 
cosw t e2(cd - .kR) 

. (17) 
- cos(24’) 

i 
Noting that - = 

cos2e 
1 + tan2e, eqn. (17) can be rewritten as 

coswt = 
1 

2 - 
(18) 

sin(2@‘) 

e 
2(&-&R) 

- cos(2$‘) 1 

Substitution of eqns. (17) and (18) into eqn. (15) and manipulation 

of the resulting expression give the amplitude of the steady-state 

output as 

vFFe 
-al 

i 1 2 d e 
4(d - &R) 

- 2cos(2$‘)e 2(& - 1nR) + , 
max v = 

0,ss - (19) 
2{cosh[2(& - &R)] - cos(2@‘)) 

A strategy for using eqn. (19) to determine the attenuation of 

materials from the measured through-transmission steady-state output 

amplitude will be illustrated in the next section. 
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EXAMPLE OF APPLICATION 

If the parameters F, (w)F2(w), R(w) and a(w) are known, 

the attenuation o(w) can be determined from eqn. (19) and the 

experimentally measured steady-state output amplitude. Note also 

that the phase velocity Cp(w) is required for calculating the wave 

number k. 

In general, the required parameters can be measured a priori 

by testing different lengths of otherwise identical specimens. For 

each frequency of interest the phase velocity, Cp(w), and the 

parameters a(w), F, (w)F2(w), R(w) and Q(w) can be found in that 

order based on the experimental data. Then, Cp(w), F, (w)F2(w), R(w) 

and Q(w) can be assumed constant for future tests on the material 

where the specimens have the same cross section but any length, 

An example demonstrating these calculations for some graphite 

fiber epoxy compos i te samples fol lows. 

The material was a unidirectional graphite fiber epoxy 

composite (Hercules AS/3501-6). The specimens were rods with a 

square cross section, 1.080 cm (0.425 in) on a side as shown in 

Fig. 3. The lengths of the specimens were 0.401 cm (0.158 in), 

0.662 cm (0.261 in), 1 .086 cm (0.427 in), 1.278 cm (0.503 in), 

1.917 cm (0.755 in), 2.545 cm (1 .002 in), 3.797 cm (1.495 in) and 

5.093 cm (2.005 in). The direction of longitudinal wave propagation 

wes perpendicular to both the fiber and the laminate directions 

and is indicated in Fig. 3 as the x2 direction. The exper imenta 1 
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system is shown in Fig. 6. The transducers were Acoustic Emission 

Technology (AET) FC-500 transducers and the couplant was AET SC-~. 

The peak-to-peak input voltage to the transmitting transducer was 

280 volts. A pressure of 0.3 MN/m2 (44 psi) was appl ied to the 

transducer-specimen interface through the spring scales. As shown 

in [17], this pressure exceeded the “saturation pressure”, which is 

defined-as the minimum interface pressure that results in the max- 

imum output signal amp1 i tude, all other parameters being held 

constant. The frequency range was 0.3 - 3MHz. 

The wave group velocity C was determined by 
9 

cgM = 
l2 - “1 

t2 - 9 
(20) 

where ti are the wave packet transit times in the respective 

specimen lengths Ri. The experimental ly measured group velocity 

is independent of frequency and is equal to 2.82 x 10’ cm/set 

(1.11 x lo5 in/set). Because the group velocity is independent 

of frequency , the composite material is nondispersive, and thus 

the group velocity is equal to the phase velocity. Using suff i- 

ciently long specimens in order to achieve nonoverlapping pulses 

such as depicted in Fig. 2, the attenuation a(w) of the material 

was calculated from the amplitudes of the primary stress wave 

output signals using eqn. (1) and is plotted in Fig. 7. 

The parameter F, (w)F2(o’) can be obtained from the amp1 itude 

of the primary stress wave output signal also. Considering only 
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the amp1 itude of the signal in eqn. (7) and rearranging eqn. (7) 

give 

Fl h)F2hd v - 7 eal - 
i 

Using the attenuation plot in Fig. 7 and the experimental values 

of v 1 
and vi, the resulting Fl (w)F2(w) can be plotted as shown in 

Fig. 8. 

In order to determine the reflection coefficient R(w), it 

is necessary to measure the first reflection amplitude vreflect 

from the output signal when the second reflection amplitude is 

negligible. Such a situation is illustrated in Fig. 9 where the 

length of the specimen was 1 .086 cm. The amp1 i tude of the first 

reflection v 
reflect 

as indicated in Fig. 5 is 

V 
reflect 

= v F F R2es3& 
i 1 2 . 

Rearranging eqn. (22) g ives the reflection coefficient 

J V 

R(w) = 
reflect 

v.F F e -3d ’ 
I 1 2 

(22) 

(23) 

Again, note that in accordance with energy conservation, the reflec- 

tion coefficient is subject to the restriction 0 < R < 1. Using - - 

Figs. 7 and 8 and the experimental values of vreflect and vi, the 

resulting R(w) can be computed and is shown in Fig. 10. 

13 



The phase shift parameter G(w) can be determined from 

eqn. (19) b ased on the steady-state output amp1 itude. Good 

accuracy can be achieved if the steady-state output consists of 

sizable reflections such that the primary stress wave does not 

dominate the output signal. Using the curves in Figs. 7, 8 and 10, 

a value of cos(2@‘) can be obtained from the steady-state output 

amplitude and eqn. (19) by trial and error. The phase shift $I can 

then be computed from the arc cosine and eqn. (11). However, 

because 

cos-l(2+‘) = cos -l(27T - 244 , (24) 

these calculations result in two different values for $’ and thus $. 

Substitution of the two values of 4 into eqn. (19) to compute the 

steady-state output amp1 itude for a different length specimen and 

comparison of the computed value with the experimental value will 

select the correct Q. The resulting phase shift parameter 4(w) is 

plotted in Fig. 11. 

With the use of 

compute the attenuation 

steady-state output amp 

Figs. 8, 10 and 11, it is possible to 

o(w) from eqn. (19) by measur i ng the 

1 i tude from any length (thickness) specimen 

of. the material assuming that the 

section and direction of long i tud 

Of course, the assumption is that 

same equipment, specimen cross 

nal wave propagation are maintained. 

the phase velocity and the param- 

eters F, (w) F2(w), R(w) and 4 (w) remain invariant with specimen 

substitution. It has been shown [ 9 1 that the phase velocity when 
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compared with the attenuation is relatively insensitive to the 

fatigue state of Hercules AS/3501-6. Further, if the surface 

condition is consistent from specimen to specimen, the parameters 

F, bdF2b), R(w) and a(w) are expected to remain significantly 

invariant. 
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CONCLUSIONS 

The steady-state output amp1 itude of an ultrasonic through- 

transmission measurement has been analyzed and the result has been 

given in closed form. Assuming that a set of similar specimens of 

the same cross section can be tested a priori in the same wave 

mode in order to tabulate values of the product of the input and 

output transduction ratios (F (w)F (w)) , the specimen-transducer 
I 2 

reflection coefficient (R(w)), the specimen-transducer phase shift 

parameter (Q(w)) , and the mater ial phase velocity (C,(w)), the atten- 

uation o(w) for future specimens can be determined from the steady- 

state output amplitude and eqn. (19). 

The steady-state output amp1 itude has the advantage of 

being easily measurable. Because echo reflections are actually 

accounted for, there is no need to avoid overlapping echoes in 

the output signal and thus there is no apparent 1 imitation on the 

minimum length or thickness of the specimen. An add i t iona 1 advantage 

of using the steady-state output amplitude is that once Figs. 8, 10 

and 11 have been obtained, further testing does not require the 

more special ized pulse oscillator or a spectrum analyzer because 

a simple harmonic signal generator is sufficient. 
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Length 4 ,Specimen 

Electrical ) Output 
Signal 

Receiving Transducer 

Transmitting Transducer 

. Input Electrical * 
Signal 

Fig, 1 Schematic of specimen and transducers in 
ultrasonic through-transmission testing. 
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Top trace: Input signal to the transmitting transducer 
Scale = 5v/Large Div. 
(The signal was attenuated 29dB before 
displaying.) 

Bottom trace: Output signal from the receiving transducer 
Scale = O.lv/Large Div. 

Time scale: 2us/Large Div. 

Frequency: 1.2 MHz 

Fig. 2 Typical ultrasonic through-transmission input 
and output signals with no echo superposition. 
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Fig. 3 Schematic of composite laminate showing principal 
axes i nc 1 ud i ng wave propaga t ion d i ret t ion. 



Top trace: Input signal to the transmitting transducer 
Scale = 5v/Large Div. 
(The signal was attenuated 29dB before 
displaying.) 

Bottom trace: Output signal from the receiving transducer 
Scale = 0.2v/Large Div. 

Time scale: SDS/Large Div. 

Frequency: 0.5 MHz 

Fig. 4 Typical signals in ul trasonic through- 
testing showing the complicated out.put 
to transients and multiple reflectic:ns 
the eventual steady-state amp1 i tude. 

transmi 5s ion 
wavefor! due 
a 11d show i ncl 
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Fig. 5 illustration showing propagating stress wave and corresponding output signal. 
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Fig. 6 Schematic of experimental system. 
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Fig. 7 Attenuation a(w) of co!.:posiic For longitudinal wave propagation in 
x2 direction. 
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F i g . 8 Product of transduction ratios F,(w)F2(w) for composite x2 direction in test system. 



Top trace: Input signal to the transmitting transducer 
Scale = Sv/Large Div. 
(The signal was attenuated 2vd”u before 
displaying.) 

Bottom trace: Output signal from the receiving transducer 
Scale = 0.2v/Large Div. 

Time scale: 5us/Large Div. 

Frequency : 1.2 MHz 

F ig. 9 Typical ultrasonic through-transmission output 
signal illustrating first reflection. 
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Fig. 10 Reflection coefficient R(w) of stress waves in composite x2 direction in test system. 
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